Using molecular dynamics simulations, the grain boundaries in thin polycrystalline silicon films (considered as promising material for future nanoelectronic devices) are investigated. It is shown that in polysilicon film with randomly oriented grains the majority of grain boundaries are disordered. However, some grains with small mutual orientation differences can form extended crystalline patterns. The structure of the grain boundaries satisfies the thermodynamical criterion suggested in [23] .
I. Introduction
Recently it was demonstrated that thin polycrystalline silicon films can be considered as promising material for room temperature single-electron devices 111- [4] . There are at least two reasons which make this material attractive: I). Usually, the film's thickness varies from 1 to 5 nm! and the average lateral grain size is 10 nm or less. In this case, the energy of an electron in a single grain, E,, is larger than the thermal energy even at room temperature, E, > T = 300°K. 11). It is believed that in these films, the characteristic resistance of the potential barriers between the grains is sufficiently large, Rb > R, = h/e2 -25kR. If both these conditions are satisfied, an electron can be strongly localized in the grain. At the same time, one can regulate (up to some extent) the electron conductivity in these films by varying the gate voltage, and creating a current channel. Those electrons which are stored in the grains (quantum dots) create a Coulomb repulsion for those electrons which are involved in the current channel. This allows one to implement memory operations in these films at room temperature using a Coulomb blocade effect. Different implementations of these ideas are discussed, for example, in [1]- [4] . The boundaries between the nanocrystalline grains in these films play important role in satisfying the two conditions mentioned above. For example, one of the most important characteristics of the electron transport in polysilicon films is connected with the distribution of crystalline and amorphous grain boundaries (GB) [5] .
At room temperature, the main factor which determines the structure of a GB is the mutual orientation difference between neighboring crystalline grains. It is conventionally accepted to consider a GB as a low-angle one if one interatomic extraction between the grains accumulates on more than approximately five interatomic distances in the GB plane [6] . In this case, the GB can be represented as a sequence of crystalline defects. Such a GB remains crystalline up to 90% of the melting temperature of the bulk crystal [7] . Increasing the misorientation angle increases the difficulty of forming crystalline structure between the neighboring grains. The large-angle GBs are normally disordered.
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The distribution of structures in grain boundaries, in principle, should correlate with the distribution of orientations of individual crystalline grains, which can be affected by many factors, such as the thickness of the polysilicon film [8] , application of the electromagnetic field during crystallization [9, 10] , etc.
However, there is no standard geometrical criteria which would allow one to predict the structure of a GB from the value of the misorientation angle. The structures of the GBs depend not only on this angle, but also on the type of the misorientation. The misorientation has many degrees of freedom: the boundary can be asymmetric, it can be tilted or twisted, or both. For some of the high-angle misorientations, the neighboring grains can fit each other at the GB plane. In this case, the GB can be highly ordered [ll] . Because of these reasons there does not exist a consistent theoretical approach to the description of GBs.
In this situation, a large-scale molecular dynamics (MD) simulation of thin polysilicon film can provide valuable information. The initial polycrystalline film can be constructed using an assumption about the distribution of the orientations of the polycrystalline grains.
Then. after relaxation at given temperature, the structure of the GBs can be directly observed.
In this paper, we present preliminary results of MD simulations of GBs in thin polysilicone film, at room temperature. In sections I1 and 111, we describe the MD procedure and the results of simulations of a single GB between two crystals with "medium -angle" misorientations. In Section IV, we discuss the results of modelling thin (3.1 nm) polysilicon film, constructed using the assumption of random orientations of the grains, with several grains having small misorientations. In Section V, we summarize the results.
The Bicrystal Model and the Simulation Procedure
In this section, we study the tilt symmetrical bicrystal boundary close to (1 1 1) crystallographic plane. This is one of the most important boundaries for silicon [12] . In particular, the symmetrical twin (1 1 1)-boundaries are known to have very low energy, and they are
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. the most frequently observed GBs in the polysilicon films [13] . To prepare the initial configuration of the bicrystal system, we first generated its top half, so that the (X,Y)-plane in the model's system of coordinates is close to the (1 1 1)-interface (Fig. 1) . Namely, the bottom of our model corresponds to the (8 8 5)-crystallographic plane which has an angle of 1 1 . 4 O with the (1 1 1)-plane. The length and the width of the model box were chosen so that periodic boundary conditions occur in X -and Y -directions. In the 2 -direction. we used free boundary conditions, allowing the system to change its volume during relaxation. The lower half of the bicrystal was constructed by mirror reflection of the top half, so the total misorientation angle is, Q = 22.8'. Then from every pair of close atoms (which coincide or closer than 0 . 9~ to each other: here a = 0.235 nm is the nearest distance between atoms in bulk crystal silicon, at T = 0) one atom was removed to avoid very high potential energies.
The final configuration contained 6768 atoms, and had the dimensions 2.30 x 9.49 x 6.29 nm.
One interatomic distance misfit between the two halves of the bicrystal accumulates every N 2.5 interatomic distances along Y-direction in the boundary plane. According to the criterion described in the Introduction, this GB can be considered to be a "medium-angle'' one. Because of the relatively small value of a , the condition of periodicity requires much larger size of the system in Y -direction than in X -direction.
Relaxation of the system was performed by the standard MD simulation, in three stages.
During the first 3000 time steps, the system was relaxed at T = 10' K in order to allow the boundary atoms to shift into positions with lower potential energy. During this procedure the interaction between atoms was a modified Stillinger-Weber (SW) potential [14] , in which (cos 13 + a)2 was replaced by (cos 8 + i)2 + r](cos 8 + ;)*. This modification, suggested by Dodson [15] , doesn't change considerably the equilibrium properties of the crystal and amorphous models of the silicon (for which the SW potential is in good agreement with the experiment [14, 16] ). However, it emphasizes the role of the tetragonal coordination of atoms during formation of new covalent bonds. The value of parameter r] is somewhat arbitrary; in our MD simulation we used Q = 0.3 which in [17] was found to be reasonable for preventing dangling bonds in MD modelling of amorphous silicon. Then, the temperature 4 was elevated to T = 300" K , and the system was relaxed during 5000 AID steps using the original SW potential. Finally, the system was quenched to zero temperature in order to eliminate thermal noise.
The equations of motion were integrated by the Verlet algorithm [18] with time-step bt = 7.6634. 10-16sec (0.01 in the reduced units). To keep a desired temperature, we used the Berendsen scaling temperature procedure [19] . For the initial relaxation of the GBs and for the final quenching to absolute zero, we used a short temperature relaxation time rq = 0.1 ps. At T = 300" K , we used the temperature relaxation time TT = 1 p s . In order to keep a zero pressure in all directions, the X -and Y -dimensions of the system were allowed to vary during the simulation, according to the Berendsen scaling mechanism [19] .
For the pressure relaxation time we used the value r p = 1 p s . We estimated the values of rT and r p from our preliminary study of relaxation times in a model of bulk crystal silicon.
The isotermal compressibility of the system, in the inteval of temperatures studied, was estimated as B = 0.6. Fig. 2 shows the (Y, 2)-projection of our bicrystal model prepared using the MD simulation procedure described above. The bonds between the atoms are shown according to a distance criterion: a pair of atoms is connected by a bond if they are separated less than 0.26 nm. One can see that the GB was formed as a crystalline one with the localized defects periodically repeating along the Y -direction. The defects appear when the misfit between the halves of the bicrystal becomes untolerable for covalent bonds of the crystalline 6 -fold rings. In this case, atoms in positions with large misfit reorganize themselves into configurations with relatively low potential energy, by forming 5 -and 7 -fold rings.
Structure of the Bicrystal Grain Boundary
Formation of these rings requires only small distortions of the tetragonal coordination of atoms [20] , so the atoms participating in them have only slightly higher average potential energy than in the bulk crystal phase. This is demonstrated in Fig. 2a by coloring the atoms according to potential energy, and in Fig. 3 by the profile of potential energy per atom along the 2 -direction, averaged by 0.2 IZM thick layers parallel to the GB plane. Blue in Fig. 2a indicates those atoms whose potential energy uJ (the bond energy, u., = uJ2) + u:~', where u;') and u y ) are the potential energies of the j-th atom in two -and three -atom interactions, correspondingly) is lower than or equal to u1 = -8.5 eV. This limit is slightly above the energy of atoms in a perfect crystal: u (~) = -8.67 eV. Green indicates those atoms for which u1 < u., 5 ~(~1 , where u ( ' ) = -7.9 eV is the average potential energy of atoms in the bulk amorphous phase at T = 0" K ; the value u ( ' ) (as well as other values for the MD models of amorphous and liquid silicon) was obtained from the models explored in [17] . With red we indicate the atoms for which uj > . ' which is called the tetrugonulity [21] . Here l j k is the length of k-th edge of the tetrahedron of general shape formed by the four nearest neighbors of the j-th atom; is the average length of the edge. By definition, 7; is equal to zero for the ideal tetrahedron (diamond structure), and it increases if the shape of the tetrahedron is distorted. The value, 7;, is correlated with the dispersion of the edge lengths of the tetrahedron. According to the criterion suggested in [21] , the spatial figure formed by four points can be recognized as having the ..good tetrahedral shape" if 7; is less than or equal to 7(") = 0.018. The value of tetragonality of an atom is very sensitive to the number of atoms in the first coordination shell, z . In the bulk amorphous phase of silicon, for which z, N 4.04, the average tetragonality is equal to 7,, = 0.015 which is slightly less than the critical value 7("). In liquid silicon (in which the first coordination shell consisits in average of zlq N 4.46 neighbors), the average value of tetragonality is, < 7 >lqE= 0.034.
For the bicrystal model shown in Fig. 2 , the profile of average (over the atomic layers parallel to the GB plane) tetragonality of atomic environment along the 2-direction is presented in Fig. 4 . The largest values of 7 belong to the atoms located in the free surfaces for which the four nearest neighbors do not form a tetrahedron. Low values of 7 in the bulk crystal imply that at room temperature the thermal fluctuations almost do not change the tetragonal coordination of atoms in the regular crystal lattice. The neighborhood of GB atoms is normally tetrahedral, i.e., 7 < 7("). However, some atoms in the GBs have a value of 7 which is larger than the critical tetragonality, 7("). As noted in [17] such atoms usually have dangling bonds or more than four nearest neighbors in the first coordination shell. As a consequence, the same atoms have the largest potential energy.
The density of atoms in the 0.6 nm-thick region belonging to the GB is slightly lower than the density of the perfect bulk perfect crystal: PGB = 2.239 g/cm3 compared with pmystal = 2.327 g / c m 3 . The GB region in our bicrystal model is also characterized by a noticable inhomogeneity of the spatial distribution of free volume, which we describe by the radii of interstitial spheres, R,, [22] . The 7-fold rings surround comparatively large voids for which R(7) 0.24 nm; that is approximately 9% larger than the radius of voids These deviations of the radii of interstitial spheres in the GB region are about 3 times larger than the thermal deviations of R, in the bulk crystal at the room temperature. Thus, the spatial inhomogeneity of the free volume in the GB is an essentual structural feature.
Model of Polysilicon Film
The initial configuration of the polysilicon film was generated using the Voronoi algorithm: first, the centers of the grains were defined; then each grain was obtained by filling the space, nearest to the center of the grain, with a diamond lattice with a chosen Orientation. The atoms with very high potential energies were removed from the GBs in the same way as was done for the bicrystal GB. The film had the dimensions 16.7 x 16.7 x 3.1 nm, and contained 44174 atoms in 12 grains (Fig. 5 ) . The majority of the grains in our model were oriented randomly, so they had both tilt and twist misorientations. The four grains. namely 3.47 and 8 were generated so that the misorientation tilt angle between the 3-rd and 4-th grains was ~3 -4 = 11.0": between the 4-th and 7-th grains a 4 -7 = 11.0"; and between the 7-th and silane on a Si02 substrate [4] . As in the bicrystal model, periodic boundary conditions were used in X -and Y -directions, and free boundary conditions were used in 2 -direction.
The same MD procedure as described above, was applied for relaxation of the model.
In Table I , we present the data on the potential energy per atom, density and average tetragonality for the longest GBs (for which it was possible to make measurements with the reasonable accuracy). In Fig. 5 we show the final configuration of the polycrystalline film, with atoms coloured in accordance with their potential energy (Fig. 5a ) and tetragonality (Fig. 5b) . One can see that the GBs demonstrate large range of values. The GB between the 3-4 grains is crystalline, with a defect in the middle. Correspondently, this boundary has the lowest potential energy (see Table I ). The boundary between the 7-th and the 8-th grains also contains distinguishable crystalline connections formed by the low-energy atoms.
For the same value of the misorientation angle, Q = 11.0", the atoms in the GB between the 4-th and the 7-th grains have, on average, larger potential energy than in the GB between the 3-rd and the 4-th grains. It appears that the energy of the GB tilt close to the (0 0 1)-interface is more sensitive to the misorientation angle than the energy of the GB tilt close to the (1 1 1)-interface.
IlIostly disordered GBs, which are = 1 nrn thick, can be distinguished by the large fraction of the red atoms, whose potential energy exceeds the average potential energy of the atoms in the amorphous state, .('I. These GBs appear between grains with random mutual misorientation. However, in these GBs there are also many atoms with uJ < ~( ' 1 .
and, on average, the potential energies per atom of the GBs, U(cB), are close to the energy of the amorphous state, U(").
Before the relaxation at T = 300" K (i.e. after the initial minimization of the potential energy) the potential energy per atom in the high-angle GBs exceeded the energy in a-Si by S -0.1 eV. Thus, the stability of the disordered GBs at U(cB) e U(') means that the difference, 6, was a driving force of the amorphization of the GBs during the process of relaxation. At the same time, the process of relaxation only slightly changed the structure of the low-energy crystalline GBs. In this respect, the structure of the GBs in our polysilicon model satisfies the thermodynamical criterion, suggested recently by Keblinski, Phillpot and Wolf in [23] . According to this criterion, a GB remains crystalline if the potential energy of the boundary region does not exceed the potential energy of the bulk amorphous state; and becomes disordered otherwise.
Densities of the tilt crystalline GBs between grains 3, 4, 7 and 8 are practically the same, or slightly smaller, than the density of the bulk crystal, pm. The densities of other GBs are systematically larger than pm. In covalent materials with friable structure, such as silicon and germanium, some GBs, indeed, can contract. This was observed in X-ray diffraction experiments on (1 0 0) twist GBs in Ge [24] and in MD simulations of (1 1 1)-twist boundaries in silicon [25] . It is remarkable that the contraction is observed for the twist boundaries.
In such GBs the covalent bonds are most probably stretched rather than squeezed, and the 9 system demonstrates a tendency to restore their Iengths at the cost of a reduction of the GB's volume. In a system with the randomly oriented grains the GBs, obviously, both tilt and twist. The fact that in our system we observed the contraction of the majority of the GBs means that the influence of the twist misorientations is more essentual for the value of density in the GBs.
Dispite the fact that the density of the disordered GBs is slightly higher than the density of the amorphous silicon, Keblinski et. al. characterized the structure of the GB in their hID model of polysilicon as the amorphous phase [26]. This conclusion followed from a similarity between the behavior of local radial distribution functions, g ( r ) , in the GBs and g ( r ) in the bulk amorphous silicon, as well as from the similarity of the corresponding bond-angle distributions. In our model, we also consider the disordered GBs as amorphous. From the data represented in Table I , and from the coloring of atoms in Fig. 5b one can see that the majority of atoms in the high-angle GBs are tetrahedrally coordinated. At the same time, these atoms are arranged in non-crystalline manner. The value of the average tetragonality in the GBs is about the same as the average tetragonality in amorphous silicon, < 7 > a , but much lower than the average tetragonality in the liquid silicon, < 7 > l q . The results obtained are important for understanding the structural properties of thin polycrystalline silicon films, which have been used recently for memory nano-devices. However, for obtaining more reliable data, larger polysilicon simulations should be considered. Fig. 2a and 2b . indicates the critical value of 7 for tetrahedra. Parameters the same as in Figs. 2 and 3 .
IV. Conclusion
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